ABSTRACT: Few data exist regarding resuscitation of hypovolemic shock in infants, and alternative strategies such as vasopressor therapy merit further evaluation. However, the effects of norepinephrine on cerebral perfusion and oxygenation during hemorrhagic shock in the pediatric population are still unclear. Eight anesthetized piglets were subjected to hypotension by blood withdrawal of 25 mL/kg. Norepinephrine was titrated to achieve baseline mean arterial blood pressure (MAP), and cerebral oxygenation was determined by brain tissue PO 2 (P ti O 2 ) and near-infrared spectroscopy-derived tissue oxygen index (TOI). Then, norepinephrine was stopped, MAP was allowed to decrease again below 30 mm Hg, and shed blood was retransfused. During hemorrhage, TOI dropped from 69 Ϯ 3 to 59 Ϯ 3%, and P ti O 2 from 29 Ϯ 6 to 13 Ϯ 1 mm Hg (mean Ϯ SEM; p Ͻ 0.001). Following norepinephrine, cerebral perfusion pressure (CPP) could be restored immediately, whereas TOI and P ti O 2 did not increase significantly. In contrast, following retransfusion, TOI and P ti O 2 increased to 68 Ϯ 3% and 27 Ϯ 7 mm Hg reaching baseline values, respectively. In conclusion, while norepinephrine increased CPP immediately, cerebral oxygenation as reflected by TOI and P ti O 2 could not be improved by norepinephrine, but only by retransfusion. H ypovolemia is the most common cause of circulatory failure in children (1). When inadequate tissue perfusion is not recognized and treated rapidly, critical tissue hypoxia may develop, leading to multiorgan failure and global cerebral ischemia followed by impaired brain function (2). With respect to hypovolemic and hemorrhagic shock, few clinical and experimental data exist in infants (3). In adults, there is growing evidence that conventionally aggressive fluid resuscitation does not increase the chance of survival in hemorrhagic shock (4). Accordingly, alternative strategies such as vasopressor therapy merit further evaluation. Administration of the widely used norepinephrine (NE) has been advocated to control hypotension, even in the acute phase of hemorrhage (5). Preliminary experimental data have suggested that early administration of NE may improve cerebral perfusion and oxygenation, at least in a model of brain-injury (6). However, the effects of NE on systemic hemodynamics and cerebral perfusion and oxygenation in a pediatric model of hemorrhagic shock are still unclear.
H ypovolemia is the most common cause of circulatory failure in children (1) . When inadequate tissue perfusion is not recognized and treated rapidly, critical tissue hypoxia may develop, leading to multiorgan failure and global cerebral ischemia followed by impaired brain function (2) . With respect to hypovolemic and hemorrhagic shock, few clinical and experimental data exist in infants (3) . In adults, there is growing evidence that conventionally aggressive fluid resuscitation does not increase the chance of survival in hemorrhagic shock (4) . Accordingly, alternative strategies such as vasopressor therapy merit further evaluation. Administration of the widely used norepinephrine (NE) has been advocated to control hypotension, even in the acute phase of hemorrhage (5) . Preliminary experimental data have suggested that early administration of NE may improve cerebral perfusion and oxygenation, at least in a model of brain-injury (6) . However, the effects of NE on systemic hemodynamics and cerebral perfusion and oxygenation in a pediatric model of hemorrhagic shock are still unclear.
NIRS is a relatively new technique with the capacity to detect changes in cerebral hemodynamics and oxygenation continuously and noninvasively at the bedside (7) . In addition, impaired cerebral oxygenation has been found to correlate closely to experimental hypotension-induced alterations in cerebral blood flow (CBF) (8) . Thus, we undertook this study to determine in a pediatric model of hemorrhagic shock 1) whether changes in cerebral perfusion and oxygenation accompanying hemorrhage could be detected by NIRS, and 2) whether the use of NE would improve cerebral perfusion and oxygenation.
MATERIALS AND METHODS
This is an experimental study on eight healthy piglets, ranging from 2 to 3 wk of age of either gender, weighing 6 -10 kg. Anesthesia was used in all surgical interventions. The project was approved by the Animal Investigation Committee of the University Schleswig-Holstein, Campus Kiel, Germany, and the animals were managed in accordance with institutional guidelines and the Utstein-style guidelines. All animals received human care in compliance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (National Institutes of Health Publication No. 88. 23, revised 1996) .
Animal preparation. The animals were fasted overnight, but had free access to water. The piglets were premedicated with azaperone (neuroleptic agent; 8 mg/kg i.m.) and atropine (0.05 mg/kg i.m.) 1 h before surgery, and anesthesia was induced with a bolus dose of propofol (1-2 mg/kg i.v.) and sufentanil (0.3 g/kg i.v.). After endotracheal intubation during spontaneous respiration, the pigs were ventilated with a volume-controlled ventilator (Siemens SV 900C, Berlin, Germany) with 40% oxygen at 25 breaths/min, and with a tidal volume of 10 mL/kg. Anesthesia was maintained with a continuous infusion of propofol (8 mg/kg/h) and sufentanil (0.3 g/kg/h); muscle relaxation was provided by continuous infusion of pancuronium (0.2 mg/kg/h). Ringer's solution (10 mL/kg/h) was administered continuously throughout the preparation phase to replace fluid loss during instrumentation. A standard lead II ECG was used to monitor cardiac rhythm; depth of anesthesia was judged according to blood pressure and heart rate during the preparation phase. In our experience, the piglets do not respond to painful or auditory stimuli under this anesthetic regimen when the paralyzing agent is withheld, and the loading dose of propofol subsides. If clinical assessment suggested a decreasing level of anesthesia, additional sufentanil and propofol was injected.
A 5-F pulmonary artery catheter (PAC; Edwards Swan Ganz Combo EDV Thermodilution Catheter, Baxter Laboratories, Irvine, CA) was inserted via a 6-F introducer in the right internal jugular vein, advanced under continuous pressure recording into wedge position and then connected to a cardiac output (CO) computer system (Vigilance Monitor, Baxter Edwards Critical Care, Irvine, CA). CO was determined by bolus pulmonary artery thermodilution using 5 mL ice-cold saline injected in the proximal port of the PAC three times randomly assigned to the respiratory cycle. A 4-F saline-filled catheter was advanced into the right femoral artery for monitoring mean arterial blood pressure (MAP), heart rate (HR), and for blood withdrawal. Intravascular catheters were attached to pressure transducers (Smiths Medical, Kirchseeon, Germany) that were aligned at the level of the right atrium. Ventilation was monitored using an inspired/expired gas analyzer that measured oxygen and end-tidal carbon dioxide (ETCO 2 ; suction rate, 200 mL/min; M-PRESTN; Datex-Ohmeda Inc., Helsinki, Finland). Oxygen saturation (SO 2 ) was monitored by a continuous pulse oximeter placed on the ear (M-CAiOV; DatexOhmeda Inc.). For brain parameter access, a multiluminal probe introducer (Licox IM3.STV, GMS, Kiel, Germany) was inserted via a 5.3-mm skull burr hole (10 mm paramedian and 10 mm cranial of the coronal suture) for measurement of the brain tissue PO 2 (P ti O 2 ) corrected for brain temperature (Licox CMP, GMS, Kiel, Germany), and intracranial pressure (ICP; Ventrix, Integra NeuroSciences, Plainsboro, NJ). Calibration at room air (to determine the sensitivity-drift) and in oxygen free solution (to determine the zero-drift) was performed after removal of the P ti O 2 -catheters. Cerebral perfusion pressure (CPP) was defined as MAP minus ICP (CPP ϭ MAP -ICP). All catheters were flushed with isotonic saline containing 5 IU/mL heparin at a rate of 3 mL/h to prevent obstruction during the preparation phase. Body temperature was monitored by a rectal temperature probe and maintained between 37 and 38°C with a heating blanket. Arterial blood gases for analyzing pH, Hb, PO 2 , and PCO 2 were measured with a blood-gas analyzer (ABL System 615; Radiometer Medical Inc.; Copenhagen, Denmark).
NIRS. The technique of NIRS has been described in detail elsewhere (9) . Briefly, the NIRO 300 (Hamamatsu Photonics, Herrsching, Germany) is a noninvasive monitor allowing measurement of tissue oxygen index (TOI) that represents the ratio of oxygenated to total tissue Hb. Four wavelengths of light (775, 810, 850, and 910 nm, respectively) are delivered by four pulsed laser diodes, and scattered light is detected by three closely placed photodiodes. The optodes of the NIRS were placed on the skin overlying the right cerebral hemisphere just on a line 1 cm lateral to the midsagittal plane and anterior to the coronal suture to avoid signal irritation by the sagittal sinus. For optimal spatial resolution, the interoptode distance was set to 3 cm. The path length was adjusted according to the manufacturer's instructions for measurements on an intact human skull. The optodes were covered with opaque material and secured to the head with adhesive tape.
Transcranial Doppler ultrasound. Cerebral blood flow velocity was determined by transcranial Doppler ultrasound (DWL, Sipplingen, Germany) using the temporal bone window. With a 2-MHz pulsed Doppler probe, the left middle cerebral artery was insonated at a depth of 20 -28 mm, and mean blood flow velocity (FV mean ) was recorded. The transducer was kept fixed in place by an elastic headband to ensure a stable position of vessel insonation.
Experimental protocol. After instrumentation for cerebral and hemodynamic variables, and a 120-min equilibration phase, baseline measurements including all variables described previously were obtained. Then propofol infusion was adjusted to 4 mg/kg/h and infusion of Ringer's solution was stopped before induction of shock. Blood was withdrawn with a total of 25 mL/kg of body weight by stepwise volumes of 5 mL/kg. The procedure lasted approximately 20 min or less and was terminated if MAP decreased below 30 mm Hg. A second set of hemodynamic data and cerebral oxygenation measurements was made after blood withdrawal. Then, NE was titrated to achieve a MAP Ϯ10% of baseline. Approximately 15 min after hemorrhage, a third set of data were obtained during NE administration. Then, NE administration was stopped, and MAP was allowed to decrease again below 30 mm Hg during the following 20 min to rule out any residual drug effects. Afterward, shed blood was retransfused, and a final set of hemodynamic and cerebral data were obtained after retransfusion. After finishing the experimental protocol, the animals were euthanized with an overdose of propofol, sufentanil, and potassium chloride. All piglets were then subjected to necropsy to check for correct positioning of the catheters, and damage to internal organs.
Statistical analysis. Statistics were performed using commercially available statistics software (GraphPad Prism version 4.03 for Windows, GraphPad Software, San Diego, CA, and SPSS for Windows, version 11.5, SPSS, Inc., Chicago, IL). A Kolmogorov-Smirnov test was used to test for Gaussian distribution. One-way repeated measures ANOVA followed by Bonferroni correction for multiple comparisons was used to determine statistical significance of cerebral and hemodynamic variables, cerebral oxygenation, and blood gases at different time points. All variables are expressed as mean Ϯ SEM. The relationship between variables was analyzed according to the method described by Bland and Altman (10) . First, we calculated a linear regression for each animal with TOI being the outcome variable and P ti O 2 the predictor variable followed by analysis of covariance (ANCOVA). This type of analysis was also applied to analyze the relationship of TOI and FV mean and CO and FV mean , respectively. Statistical significance was considered at a two-sided p value of Յ0.05.
RESULTS
Hemodynamic data and blood gases at the different experimental stages are presented in Table 1 . Following hemorrhage, both systemic parameters, such as MAP, systemic vascular resistance (SVR), CO and CVP, and cerebral hemodynamics, such as CPP and FV mean , decreased significantly (p Ͻ 0.001; Fig. 1 ), whereas HR increased significantly (p Ͻ 0.001). Furthermore, hemorrhage resulted in a significant decrease of cerebral oxygenation compared with baseline, as TOI dropped from 69 Ϯ 3 to 59 Ϯ 3%, and P ti O 2 from 29 Ϯ 6 to 13 Ϯ 1 mm Hg (p Ͻ 0.001; Fig. 2 ).
Approximately 15 min after hemorrhage, NE administration resulted in an increase of SVR from 522 Ϯ 85 to 1194 Ϯ 192 dyne*sec/cm 5 , and subsequently an increase of MAP and CPP to baseline values, as well as FV mean reaching 80% of Fig. 1 ). TOI and P ti o 2 increased significantly to 68 Ϯ 3% and 27 Ϯ 7 mm Hg, respectively, compared with both hemorrhage and NE ( Fig. 2 ; p Ͻ 0.05).
TOI was significantly correlated with P ti O 2 (r ϭ 0.70; Fig. 3 ; p Ͻ 0.01) and FV mean (r ϭ 0.70; Fig. 4 ; p Ͻ 0.01). CO was significantly correlated with FV mean (r ϭ 0.52; Fig.  5 ; p Ͻ 0.05). Blood gases, Hb, So 2 , and ETCO 2 did not change significantly during the experiment (Table 1) . Overall, resuscitation was successful in eight out of eight animals. Necropsy revealed correct position of all catheters, no additional damage to internal organs, and no micro hemorrhages at the P ti O 2 probe site.
DISCUSSION
Main findings of our experimental study are as follows: 1) Although systemic oxygenation as reflected by arterial PO 2 and peripheral SO 2 remained on a sufficient level throughout the experiment, cerebral oxygenation assessed both regionally by NIRS-derived TOI and locally by P ti O 2 decreased profoundly during hemorrhagic shock in our pediatric model. 2) NE administration increased MAP and CPP to baseline values, but NE did not improve significantly cerebral oxygenation, thus refuting the primary endpoint hypothesis. Hence, cerebral oxygenation as reflected by both TOI and P ti O 2 was only restored by retransfusion, whereas MAP and CPP were comparable to NE. 3) TOI was significantly correlated with P ti O 2 and FV mean .
Tissue hypoxia is a key factor in the pathophysiology of circulatory shock. Therefore, we have focused in this study on cerebral oxygenation, measured regionally by NIRS (TOI) and locally by the Licox system (P ti O 2 ), two parameters of cerebral oxygenation that differ fundamentally in the type of data provided. It has been shown previously that during normal circulatory conditions, brain tissue oxygenation is maintained relatively constant independently of cerebral perfusion pres- 
442
sure within the autoregulatory range of brain circulation (11) , comparable to the well-known regulation of CBF. In contrast, during hypotension, a pressure-passive CBF and cerebral ischemia have been found as assessed by NIRS (8, 12) and the Licox system (13) . Our data confirm these results, as TOI and P ti O 2 decreased profoundly during hemorrhagic shock. Moreover, P ti O 2 values below 15 mm Hg have been suggested to reflect a critical threshold for survival, at least in severe head injured patients (14) . We have demonstrated previously that during impaired autoregulation immediately following hemorrhage, cerebral perfusion and CPP are closely correlated (12) . Since in the present study CPP was markedly below the autoregulatory threshold in the vast majority of animals, we suggest a pressure dependent cerebral perfusion that in turn led to the observed decrease of both regional and local cerebral oxygenation. In contrast, systemic oxygenation represented by PO 2 remained on a sufficient level and uncoupled from P ti O 2 during hemorrhage.
Although fluid resuscitation of hemorrhagic shock and surgical control of hemorrhage are the strategies of choice (15), sometimes aggressive fluid resuscitation and out-of-hospital surgery is not immediately available or not sufficient to maintain blood pressure in all preclinical situations. Therefore, the primary goal of treatment for hemorrhagic shock until final therapy is the restoration of tissue perfusion and oxygenation, to shorten the time interval of global and regional ischemia, and to minimize brain injury. The purpose of the present study was to reproduce this crucial clinical situation in pediatric emergency care. NE is a potent vasoactive agent with alphaand beta-adrenergic properties that is widely used for the treatment of hypotension secondary to vasodilatation in hemorrhagic or septic shock (16) , and that has no effect on cerebrovascular hemodynamics during intact circulation (17) . The rationale for NE therapy during hemorrhagic shock is rooted in the fact that NE has been claimed to shift venous blood from unstressed to stressed vascular bed (18) . Therefore, NE administration may support activation of the endogenous sympatho-adrenergic system in shifting blood volume to the central compartment, and thereby, preserving blood flow to the heart and brain. Although in our pediatric model of hemorrhagic shock NE resulted in an increase of SVR, and subsequently an increase of MAP and CPP close to baseline values, this did not translate into improved cerebral perfusion and oxygenation reflected by FV mean and cerebral oxygenation variables. In contrast, cerebral perfusion assessed by TCD and cerebral oxygenation as reflected by both TOI and P ti O 2 were only restored by retransfusion, and were subsequently significantly improved compared with hemorrhage and NE administration. This is probably due to the pathophysiological mechanism that restoration of intravascular volume is a prerequisite of normal cardiac output after hemorrhagic shock. Alternatively, fluid resuscitation according to the international recommendations about resuscitation of hemorrhagic shock (15) might equally restore intravascular volume, but may also result in decreased Hb levels (19) , that profoundly interact with cerebral oxygenation data (20) . Therefore, we evaluated the effects of NE on cerebral oxygenation compared with blood transfusion, but further investigations should focus on different fluid therapy strategies regarding cerebral oxygenation. In addition, raising CPP in head injured patients has been shown previously to not necessarily result in increased oxygen availability and P ti O 2 (21, 22) .
TOI and P ti O 2 reflect adequate cerebral perfusion more reliably than CPP. If cerebral arterial oxygen saturation and cerebral metabolic rate of oxygen are constant, changes of CBF will produce equal change in cerebral venous oxygen saturation. Because TOI mainly reflects oxygenation changes in the venous compartment of cerebral blood volume (23) , it is expected to vary with CBF and FV mean , and less with CPP during periods of constant cerebral arterial oxygen saturation and oxygen consumption.
Further, from our data, the issue of relationship between TOI measured regionally by NIRS and P ti O 2 measured locally by the Licox system may be addressed. Both parameters of cerebral oxygenation differ fundamentally in the type of data provided, but were correlated significantly. This has also been found in head injured patients, where changes of P ti O 2 were closely reflected by NIRS-derived variables (24) . In addition, the interaction between cerebral oxygen saturation and P ti O 2 has been described by a sigmoid-shaped oxygen-Hb dissociation curve (25) . The noninvasive NIRS technology may therefore be suitable to accurately monitor cerebral oxygenation at the bedside, at least in infants where the issue of extracranial signal contamination is not that important.
Several limitations to this study should be noted. First, measurement of P ti O 2 with a probe placed in the cerebral cortex is a local method and may therefore underestimate global ischemia due to heterogeneity of the brain. However, not stereotactically, the spatial variation of P ti O 2 probe placement in different animals was kept within a narrow limit. Second, the path length of NIRS in the porcine head is unknown and thus we used the published data derived from human experiments (26) . Although there may be a difference between species, this does not interfere with the results of our study, since it was aimed at investigating changes over time rather than presenting absolute values. Further, NIRS technology may be influenced by extracerebral contamination. Third, since we were unable to measure CBF using radioactive microspheres due to limitations posed by government regulations, we cannot comment on effects of drugs given throughout the study on CBF. Doppler ultrasound is limited due to the fact that it is not direct measurement of CBF (27) . However, in the present investigation FV mean was significantly correlated to both CO and TOI, a relationship that is physiologically plausible. Moreover, although animals were free of NE at least 20 min before transfusion, we cannot completely rule out a "long-term" effect of NE perfusion on brain tissue oxygenation. Due to the small sample size of piglets caused by the long preparation procedure, we used a design of successive exposure to two different treatments instead of comparing each treatment in a separate group of animals. Finally, we used NE as a vasopressor; therefore, we are unable to report whether different vasopressors would have yielded other results. Future investigations should focus on the relationship between histopathological changes and cerebral oxygenation parameters, and vasopressors that act via nonadrenergic path-443 ways such as arginine vasopressin that may influence differently CPP and cerebral oxygenation.
In conclusion, in spite of well-developed autoregulatory mechanisms, CPP as well as TOI and P ti O 2 decreased significantly during hemorrhagic shock. Following NE administration, MAP and CPP could be restored immediately, but cerebral perfusion and oxygenation as reflected by TOI and P ti o 2 could not be improved by NE alone, but only by retransfusion. In this respect, normal MAP values following resuscitation with NE alone of hemorrhage-induced hypotension do not rule out compromised cerebral oxygenation, and therefore, should not be regarded as safe during pronounced fluid deficiency.
